In order to investigate the interaction between gas bubbles and solidified shell, in-situ observations using transparent substance have been made. The movement of argon gas bubbles has been observed and recorded by a VTR. The effect of diameter of gas bubbles, the angle of a copper plate and solid/liquid interfacial morphology on the entrapment of gas bubbles have been characterized. The entrapment of bubbles increases with decreasing the diameter of gas bubbles and with increasing the angle of the copper plate. Furthermore, it is found that the entrapment of gas bubbles increases with increasing the roughness of the solid/liquid interface. A physical model has been developed taking the force balance affecting a bubble into account. Using this model, the results of the present experiment have been consistently interpreted.
Introduction
In continuous casting process, defects due to non-metallic inclusions are very harmful to the quality of steel sheet, especially ultra low carbon steel. Therefore, many efforts have been made to reduce such defects. One of the countermeasures performed in the mold is to introduce argon gas in the submerged entry nozzle. Many fine gas bubbles trap non-metallic inclusions and float up to the surface in the mold. Almost gas bubbles move up from the molten steel because of the difference of density. However, sometimes bubbles with or without non-metallic inclusions would not float up to the surface of the molten steel and would be trapped by the solidified shell.
In order to reduce the entrapment of argon gas bubbles by the solidified shell, the electro-magnetic stirring (EMS) in the mold is often applied. It is thought that bubbles arrived at the solidified shell are washed away by the fluid flow induced by the electromagnetic force. It is reported that the necessary flow velocity is approximately 0.4 m/s. 1) However, bubble-related defects are not always eradicated.
There have been some reports that treated the interaction between solid/liquid interface and foreign particles. [2] [3] [4] [5] [6] [7] They made in-situ observations using transparent substances and small foreign particles such as polystyrene. Foreign particles are pushed by the advancing solid/liquid interface when the growth velocity is low. On the other hand, when the growth velocity is high, the foreign particles are engulfed. These phenomena are also as a function of the diameter of the foreign particle. This is also affected by the ratio of thermal conductivity of the solidified material and the foreign particles.
Shibata et al. made a direct observation for the interaction between non-metallic inclusions and solid/liquid interface using a confocal laser microscope. 8, 9) They have found that the interaction of between non-metallic inclusions and solid/liquid interface was different depending upon the spacies of inclusions. Macroscopic movement of gas bubbles in the mold or strand have been reported using water model experiment or numerical simulation. 10, 11) However, the interaction between gas bubbles and solid/liquid interface is rare.
Recently, Wang et al. have studied the motion of a bubble near the solid/liquid interface by means of in-situ observation. 12) They used water as a solvent. When they added some surfactant to water, they found that bubbles moved toward the solid/liquid interface. They analyzed that the concentration gradient of surfactant generates the surface tension gradient. They have claimed that the Marangoni's effect plays an important role on the movement of bubbles near the interface.
Yamamura and Mizukami 1) have made the model experiment using paraffin and air bubble. Their model experiment first simulated the real phenomena in order to understand the kinetics of bubble entrapment by a solidified shell, which may happen in a strand. They immersed a watercooled copper block in molten paraffin in which air bubbles were separately introduced and measured the number of bubbles that were trapped by the shell. They revealed qualitatively the effect of the angle of the copper block and the diameter of air bubbles on entrapment. They have also investigated the effect of flow velocity on entrapment of gas bubbles.
However the entrapment of bubbles is probabilistic phenomena. Thus, it is necessary to understand the statistics of entrapment. Furthermore, the entrapment of bubbles may be affected by the solid/liquid interfacial morphology, though almost solid/liquid interfaces in the previous observations were planar. Thus, the effect of solid/liquid interfacial morphology on the entrapment of bubbles is unknown.
Therefore, in-situ observation has been made in this study to investigate the interaction between argon gas bubbles and solidified shell, taking the solid/liquid interfacial morphology into account.
Experimental Procedure
In order to make an in-situ observation of the interaction of bubbles with a shell, a transparent organic substance has been used. Succinonitrile (SCN) was used in this study. The reasons of this choice are followings. 1) It solidifies as metals do because of the low entropy of fusion.
2) The melting temperature is approximately 56°C and the construction of experimental equipment is not difficult. In this experimental study, as-received SCN, the nominal purity of which was over 98 mass%, was used. Not only the kind but the amount of impurities are unknown, though the temperature range of solidification of the as-received SCN was approximately 5 K.
A schematic drawing of the experimental setup is shown in Fig. 1 . Fine argon gas bubbles were introduced by a glass-ball-filter and the flow rate of argon gas was regulated by a needle valve. Flow rate could not be measured with an ordinary flow meter since the volume rate of argon in this experiment was too small. Thus the volumetric flow rate of argon gas was calculated with the size and numbers of bubbles using the recorded pictures and found to range 0.03 to 1.0 mm 3 /s. A copper plate was dipped in a bath of molten SCN for some minutes. The copper plate was lowered by hand and the dipping velocity is approximately 10 mm/s. The size of the copper plate was 35 mm in width 15 mm in thickness and 100 mm in length. The angle between the copper plate and vertical line (q) was varied from 0 to 45°. The temperature of the copper plate (T p ) was controlled at a constant temperature by circulating water, which was controlled at a constant temperature. The temperature of the molten SCN (T b ) was measured by a Chromel-Alumel thermocouple and was controlled by the hot plate at a target temperature within 3 K. The molten SCN solidified on the copper plate. The interaction between argon gas bubbles and the shell was directly observed from outside of the container of the molten SCN by a digital microscope. Varying T p and T b, solid/liquid interfacial morphology was changed. The movement of argon gas bubbles was recorded by a VTR. The diameters of gas bubbles were measured on the picture, comparing with the standard rod, the diameter of which was 1 mm. After dipping in the molten SCN, the copper plate was pulled up from the bath, and the morphology of the solid/liquid interface was closely observed.
In this experiment, the interaction between bubbles and a solidified shell was analyzed statistically. In other words, plenty of bubbles approaches to the shell surface and some are trapped by the shell and the other float up in the SCN bath. Since it was very hard to measure the ratio between the numbers of bubbles reached at the solid/liquid interface to that of bubbles trapped by the solidified shell (g), entrapment index (EI) was adopted to characterize the interaction between bubbles and the interface. EI defined in this study ranges from 1 to 5. EI-1 means that 100 % of bubbles float up to the surface of the molten SCN. On the other hand, EI-5 indicates that 100 % of bubbles are engulfed by the solidified shell. EI-2, 3 and 4 are intermediate and the bubbles are partially trapped by the shell.
Experimental Results

Observation of Gas Bubbles Near the Solid/Liquid
Interface Figure 2 shows the example of argon gas bubbles approaching to the solidified shell. Here, T b and T p were 70 and 15°C, respectively. q was 30°. This observation was exceptionally made from the side of the copper plate in order to check the movement of the bubbles. As shown with white arrors, the bubbles introduced with the glass-ball filter regulated by the needle valve were small and isolated. Furthermore, it is found that the macroscopic fluid flow that may be induced by the bubbles was suppressed because of their size and density. Here, the solid/liquid interfacial morphology is rather easily visible and is found to be planar. Figure 3 shows the time sequence of the entrapment of gas bubbles on the shell. Here, T b and T p were 55 and 15°C, respectively. q was 30°. At tϭt 0 (s), there were already some bubbles on the solidified shell ( Fig. 3(a) ). At tϭt 0 ϩ 6 (s), some bubbles approached on the shell in the area as indicated by circles, A and B in Fig. 3(b) . When these bubbles arrived at the shell, they stopped on the shell and did not move anymore. After 6 s (tϭt 0 ϩ12 (s)), these bubbles stayed in the same position ( Fig. 3(c) ). After some seconds, these bubbles were completely covered by the solid SCN. Between tϭt 0 ϩ6 (s) and tϭt 0 ϩ12 (s), some new bubbles approached and stopped in the area of C in Fig. 3(c) . This is a typical process of the entrapment of bubbles by the solidified shell.
In contrast to Fig. 3 , an example of floating-up of gas bubbles is shown in Fig. 4 . Here, T b and T p were 70 and 15°C, respectively. q was 30°. At tϭt 0 (s), three bubbles approaching to the shell stopped on the shell, as indicated by the circle A in Fig. 4 (a). But 3 s later, at tϭt 0 ϩ3 (s), three bubbles floated up and disappeared from the area where they stopped 3 s before, as indicated by the circle A (Fig.  4(b) ). The floatation of gas bubbles may be caused because the buoyancy force of the bubbles exceeded the sticking force between the solidified shell and bubbles.
One example of the solidified shell pulled up from the bath observed by the digital microscope is shown in Fig. 5 . This is the solidified shell after the in-situ observation shown in Fig. 3 . Here, some rugged surface is observed, which is indicated by a circle. This is the trace of the columnar dendrites. Furthermore, many specks are observed in the solidified shell. They are argon bubbles that have been trapped a long time before and were completely covered by the solidified shell. On the other hand, the bubbles that had been trapped just before pulling-up the copper plate were not covered by the solid SCN. Some semi-spherical concaves are observed on the surface of the shell, as indicated by black arrows. Figure 6 shows the various solid/liquid interfacial morphologies observed in this study. When T b was 70°C, planar or cellular interfaces were observed because the temperature gradient at the interface became large. Further, when T p was high, 40 or 50°C, again cellular or planar interfaces were observed. Here, the growth velocity became small. When T b was less than 60°C and T p was less than 30°C, dendritic interfaces were observed. Lines for transition from planar to cellular or from cellular to dendritic drawn in Fig. 7 agrees qualitatively with the theory of columnar dendrite growth. 13) There are two experiments performed at T b ϭ70°C, T p ϭ15°C. Since this condition may be on the transition between planar to cellular, both morphologies were observed.
Observation of Solid/Liquid Interfacial Morphology
In addition, the solid/liquid interfacial morphology observed in this study was independent of the angle of the copper plate.
Characterization of the Entrapment Index (EI)
As a preliminary experiment, the ratio of trapped bubbles to the all bubbles approaching to the solidified shell (g) was measured several times. During 20 s, the number of gas bubbles approaching to the solidified shell (N 0 ) and the number of bubbles which were entrapped by the shell (N) were counted with the recorded pictures. Then, g was calculated using a following equation, N/N 0 .
The relation between EI and g is shown in Fig. 8 . Index 1 indicates that all bubbles float-up along the solidified shell and are not trapped by the shell. On the other hand, Index 5 denotes that all bubbles are trapped by the solidified shell. Index 3 indicates that approximately half of bubbles approaching to the solidified shell are trapped by the shell. In general, g increases linearly with increasing EI. It is found that EI indicates well the behavior of bubbles near the solidified shell. Thus in this study, EI has been used as an expedient in order to characterize the behavior of bubbles near the solidified shell.
Effect of Diameter of Bubbles on Entrapment
The effect of the diameter of gas bubble (D) on entrapment by the solid/liquid interface has been analyzed by changing flow rate of argon gas. The diameter of gas bubbles increases with increasing the flow rate in this experimental setup. The relation between the mean value of D and EI is shown in Fig. 9 . Here, the experimental conditions are T b ϭ60°C, T p ϭ15°C, qϭ15°(solid circle) and T b ϭ70°C, T p ϭ15°C, qϭ15°(solid square). In the former, the solid/liquid interface was dendritic and the latter the solid/liquid interface was cellular. In both cases, the experimental data scattered somewhat, though EI decreases with increasing D. In the case of dendritic interface, larger bub- bles were trapped by the shell. The relationship between D and EI qualitatively agrees with the literature data.
1)
One of the important points is that EI decreases abruptly with increasing D as shown with broken lines in Fig. 9 . This indicates that there is a critical diameter of bubble for entrapment, though the zone that EI changes abruptly extends to some degree. The critical diameter of bubble may be affected by the solid/liquid interfacial morphology.
When the diameter of bubble increases, the flow velocity increases because of increment of buoyancy force. In this experiment, however, the movement of bubbles after touching the interface has been analyzed. When the bubbles touched the solid/liquid interface, the bubble lost its kinetic energy before it possessed in the bulk. Therefore, it can be treated as a simple problem for force balance instead of the rather complicated one. The details will be discussed in Sec. 4.2.
Effect of Angle of the Copper Plate on Entrapment
As shown in the previous section, the diameter of argon bubble plays an important role on the interaction between gas bubbles and solid/liquid interface. Hereafter, the behavior of bubbles, the diameter of which ranges from 0.2 to 0.4 mm, has been analyzed.
The effect of the angle of the copper plate on EI has been studied by changing q. Experimental results are shown in Fig. 10 , where two sets of experimental results are indicated. The temperatures of copper plate, T p , of these data are the same, 15°C. The temperatures of SCN bath, T b , were 55 and 70°C. When q was zero, no entrapment of gas bubbles by the solidified shell was observed, independent of the thermal condition.
In case that T b was 70°C, where the solid/liquid interface was planar, the data of EI were less than 2 in the range of this experiment. In other words, almost all bubbles floatedup along the solidified shell independent of the angle of the copper plate.
In case that T b was 55°C, where the solid/liquid interface was dendritic, the data of EI depend on the angle of the copper plate. EI increases abruptly from 1 to 5 with increasing q. This indicates that there is a critical angle for entrapment of bubbles by the shell.
By the way, the experimental data obtained with cellular interface, which are shown in Fig. 9 , indicate approximately the same value as obtained with dendritic interface shown in Fig. 10 . The change in EI with the solid/liquid interfacial morphology will be shown in 3.7.
Effect of Growth Velocity of Shell on Entrapment
After pulling-up the copper plate, thickness of solidified shell was measured. As it is well known, the thickness of solidified shell (d) can be described as a following equation, since the heat conduction through the shell controls overall heat transfer. where k is a constant and t is time elapsed. Since the growth velocity could not be measured through the in-situ observation, the k-value in Eq. (1) is used as a substitute for the growth velocity. Following the definition, the larger k-value is, the larger the growth velocity becomes. Figure 11 shows the relationship between k-value and EI. In this figure, the solid/liquid interfacial morphology as well as the angle of the copper plate are also shown. In general, dendritic interface is observed when the k-value is large. On the contrary, the planar interface is observed when the k-value is small. This relationship agrees with the theory of the constitutional supercooling. As shown in Fig.  11 , it is likely that k-value has no relation to EI, since the experimental data are widely scattered. In case that qм30°, when k-value is large, the values of EI are large, i.e. gas bubbles are trapped by the shell. On the other hand, when kvalue is small the values of EI are scattered to some extent. In this region, the solid/liquid interfaces are cellular. The reason that EI are scattered to some degree when the solid/liquid interface is cellular is not clear at present. It may be correlated with that the cellular interface exhibits intermediate between planar and dendritic interfaces.
Roughly, in case that qм30°, Fig. 11 shows that gas bubbles are apt to be trapped by the solidified shell when the growth velocity is large. This finding apparently agrees with the literature data.
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Fig. 10 . Relation between angle of copper plate and entrapment index. Fig. 11 . Relation between k-value and entrapment index.
Effect of Solid/Liquid Interfacial Morphology on Entrapment
The effect of diameter of bubbles, the angle of the copper plate and k-value on the entrapment of gas by the solidified shell has been analyzed. There, the effect of solid/liquid interfacial morphology on the entrapment has been also discussed. The interface morphology plays a very important role on entrapment of bubbles.
To summarize the experimental results on entrapment of gas bubbles, solid/liquid interfacial morphologies are classified into three groups, i.e. planar, cellular and dendritic. The relation between morphologies and EI is shown in Fig.  12 . Here, the data of q are also shown in this figure. Even if two experimental results are classified into "dendritic", for example, the roughness of the interface depends on the detailed thermal condition. For this reason, it is difficult to draw the lines, which indicate the dependence of the angle of copper plate. The dotted lines in Fig. 12 are, therefore, inexact. Nevertheless, EI increases with increasing q.
When the interface is dendritic, it is clear that the tendency of entrapment of gas bubbles increases. When the interface is cellular, the data of EI are scattered to some extent. Another important point is that, when the interface is planar, no or little entrapment of gas bubbles takes place, which is independent of the angle of the copper plate in the range of experiments.
Discussions
Forces Acting on a Gas Bubble
Omenyi and Neumann 3) explained about the effect of growth velocity on entrapment of a foreign particle as follows. When the drag force due to viscosity of fluid exceeds the repulsive force caused from the surface tension, that foreign particle is engulfed. Thus, a particle is apt to be trapped when the growth velocity of solid phase increases. However, this explanation is valid when the viscous force is dominant.
Viscous force (F v ) acting on a bubble near the solid/liquid interface can be estimated using representative quantities as follows: 2) where m is viscosity of liquid SCN, 2.65ϫ10 Ϫ3 Pa s, 14) l is diameter of argon gas bubble, 0.2 mm, and v is velocity of solid/liquid interface. Here v is estimated from the average growth velocity for dendritic interface, 40 mm/s. Then, F v is obtained to be 2.1ϫ10 Ϫ11 N. On the other hand, buoyancy force (F b ) acting on the bubble in the liquid phase is estimated a following equation, using representative quantities. (3) where Dr is density difference between liquid SCN (r SCN ) and argon gas (r Ar ) and g is acceleration due to gravity. 3) cannot be applicable to the present experimental results.
Some force, which exceeds the buoyancy force, would act on a bubble and then the bubble would be trapped by the shell. However, growth velocity of the shell will not generate such a large force. Therefore the effect of growth velocity on entrapment of gas bubbles by the solidified shell is thought to be an indirect effect, i.e. alteration of interfacial morphology. Thus it can be concluded that it may be a friction force that will engulf a bubble in a solidified shell.
Physical Model for Interaction between Bubbles
and Solidified Shell Entrapment of gas bubbles by the shell is affected by the diameter of gas bubbles (D), the angle of copper plate (q), k-value which corresponds to the growth velocity and solid/liquid interfacial morphology, as analyzed before. Here as discussed in 4.1, it is assumed that the friction force will act on the physical interaction between a bubble and solid/liquid interface. Therefore in this section, in order to qualitatively understand the effects of these factors on entrapment, a simple physical model will be discussed.
A physical model for the interaction between a bubble and solid/liquid interface is shown in Fig. 13 . It is assumed that when the bubble touches the interface the bubble loses its kinetic energy, or the velocity at any direction is zero. Forces affecting the bubble are then buoyancy force (F b ) and frictional force (F f ) that is from the contact with the interface. The buoyancy force is expressed as follows. where r l and r g are the densities of liquid and gas bubble, respectively. It is the force balance in tangential direction that would determine the movement of the bubble along the solidified shell. Thus, the buoyancy force in the tangential direction, F q , can be calculated using the inclined angle of the solidified shell, q. Then, it is clear that F q is proportional to D 3 and is a function of q. A schematic illustration of the tangential buoyancy force as a function of q for two different diameters is shown in Fig. 14 . F q decreases with increasing q and increases with increasing D.
F f may depend on the solid/liquid interfacial morphology, which will be discussed later, though it does not depend on the angle of the shell. A schematic drawing of the comparison between F q and F f at a constant D is shown in Fig.  15 . Here, the absolute values of these forces are compared. If F f exceeds F q , the bubble would not change its position and will be trapped by the shell. This may occur in the hatched area in Fig. 15 . On the other hand, if F f is less than F q , the bubble would float up and would not be trapped by the shell. F q and F f intersect at q* as shown in Fig. 15 . q* is the critical angle of the copper plate that indicates the transition from floating-up to engulfment of gas bubbles. This suggests that when the angle of the shell is more than q*, gas bubbles may be trapped by the shell. This agrees qualitatively with the experimental results shown in Fig. 10 .
It is known that the irregularity of thickness of solidified shell is high in ultra low carbon steel. [17] [18] [19] [20] [21] This may be the main reason that the surface defect such as sliver is often observed in this steel. If the irregularity of shell thickness increases, the angle between the envelop of solid/liquid interface and the vertical line, which is the same as q in this study, also changes locally. When q exceeds the critical value, the gas bubble may be trapped at this region. The area where q is large in the continuous casting process is 'hook' at meniscus. Some researchers pointed out that the 'hook' develops markedly in the ultra low carbon steel. 19, 21) Therefore, this may be the main reason why the sliver defect is remarkable in ultra low carbon steel. However, some reports indicated that the position of bubbles are random and are not related to the oscillation mark. 17, 18) The distribution and population of bubbles in the continuously-cast slabs should be closely investigated.
A schematic drawing of the comparison between F q and F f as a function of D at a constant q is shown in Fig. 16 . The criterion for entrapment or floating-up is the same as the previous discussion. In the hatched region, since F f is larger than F q , the entrapment of gas bubbles takes place. Here again, F q and F f intersect at D*. This indicates that the small gas bubbles, the diameter of which are less than D*, may be trapped by the shell. This agrees well with the experimental results shown in Fig. 9 .
It is difficult to formulate or evaluate the friction force affecting the bubble. From the analogy of the mechanics, it can be deduced that a coefficient of friction is high when the surface of the substance is rough. Thus, the friction force is a function of the solid/liquid interfacial morphology. As indicated by Kurz and Fisher, 13) the morphology is determined by temperature gradient (G ), growth velocity (V ) and solute content (C 0 ) in the constrained growth condition. A planar interface becomes unstable when the growth velocity is high, temperature gradient is low, and the solute content is high. The friction coefficient may increase with increasing surface roughness. In other words, the friction force increases with changing the solid/liquid morphology from planar interface to dendritic interface. Naturally F f changes continuously with changing solid/liquid interface. However, in order to understand the change in entrapment with solidified shell, it is assumed that F f depends on only solid/liquid morphology and has discrete value. Thus, a following relation may be deduced: A schematic drawing of the comparison between F q and F f at a constant D is shown in Fig. 17 . According to the Eq (6), there are three horizontal lines depending on the solid/ liquid morphologies. Assuming that the interface is cellular, F q and F f, cellular intersect at q* cellular . Thus, when q is larger than q* cellular , gas bubbles may be trapped by the shell. Supposing that the cellular interface changes into dendritic interface, F f, cellular is replaced by F f, dendritic . Thus, F q and F f, dendritic intersect at q ϭq* dendritic . It is clear from Fig. 17 that q* dendritic is less than q* cellular . This indicates that the range of angle for entrapment of bubbles expands and the probability of entrapment increases as the solid/liquid interface becomes dendritic. On the other hand, if the cellular interface changes into planar interface, F f, cellular is replaced by F f, planar . F q and F f, planar intersect at q ϭq * planar . This indicates that the range of angle for entrapment becomes small and actually almost all bubbles float-up when the interface is planar. Primary dendrite arm spacings found in this experiment ranges from some tens of mm to a few hundreds of mm, as shown in Figs. 5 and 6. These are the same order of magnitude as the diameter of gas bubbles used in this study. If the diameter of gas bubble is much larger than the wavelength of rough surface, the interfacial morphology may have little effect for entrapment of bubble.
Though these explanations are qualitative, the entrapment of gas bubbles by the solidified shell is well interpreted. Since the factors that affect the entrapment of argon gas bubbles may be the same, this physical model can be applicable to the molten steel-argon gas system.
The physical parameters that affect the static bubble near the solidified shell have been considered in this model. As Wang et al. pointed out 12) that if there are some surfactant elements that affect the movement of gas bubbles the bubbles are sucked to the interface. Thus the entrapment of bubbles may be promoted.
The behavior of a gas bubble near the solidified shell can be described following 4 steps as shown in Fig. 18 . A bubble touches the solidified shell and loses its kinetic energy ( Fig. 18(a) ). After this, there are two cases. The bubble stops on the shell (Fig. 18(bЈ) ) or it floats up along the solidified shell (Fig. 18(b) ). Once the bubble floats up, it hardly stops on the shell again. The bubble stopped on the shell is then partly covered by the solidified shell (Fig. 18(cЈ) ) and finally the bubble is completely engulfed by the shell (Fig. 18(dЈ) ). Since the growth velocity of solidified shell is finite, it takes time from Fig. 18(bЈ) to 18(dЈ) . Even if the bubble is stuck on the solidified shell, it is possible for the bubble to be washed away because of the fluid flow before the bubble is covered by the solidified shell. In other words, the possibility of detachment for bubbles increases when the growth velocity is small.
Conclusions
In-situ observation using succinonitrile-argon gas system has been made, in order to investigate the behavior of gas bubbles near the solidified shell. Varying the diameter of bubbles, the angle of copper plate and the solid/liquid interfacial morphology, systematic experiments have been carried out. A simplified physical model taking into account the force balance has been developed. The following conclusions have been obtained.
(1) Entrapment of bubbles decreases with increasing diameter of gas bubbles. There is a critical diameter for the entrapment/floating-up transition.
(2) Entrapment of bubbles increases with increasing the angle of the copper plate. There is a critical angle for the floating-up/entrapment transition.
(3) Entrapment of bubbles increases with increasing kvalue, which corresponds to growth velocity.
(4) Entrapment of bubbles is affected by the solid/liquid interfacial morphology. Entrapment of bubbles increases with increasing the roughness of the interface.
(5) Elevating the temperature of the bath and/or elevating the temperature of the copper plate make a solid/liquid interface planar. In these cases, almost all bubbles are likely to float up.
(6) Considering a force balance acting on a bubble near the solid/liquid interface, it is found that a friction force on the solid/liquid interface is very important to entrap a bubble.
(7) Using the physical model, the experimental results are consistently interpreted. This model can also predict the existence of a critical diameter of bubble and a critical angle of copper plate for the entrapment of bubbles.
